Introduction
============

Ulcerative colitis (UC) is one of the typical complex inflammatory bowel diseases ([@b1-etm-0-0-8946]). Major clinical manifestations of UC include abdominal pain, diarrhea, vomiting and weight loss, with the hallmark clinical symptom of UC being bloody diarrhea ([@b2-etm-0-0-8946]). UC is influenced by genetic, environmental, immunoregulatory and microbial factors ([@b3-etm-0-0-8946]). Unlike Crohn\'s disease (CD), UC is a mucosal disease that always affects the rectum and could spread up to the cecum with a continuous retrograde distribution ([@b4-etm-0-0-8946]). UC is characterized by chronic relapsing intestinal inflammation that eventually leads to extensive tissue fibrosis and a stiff colon that is unable to perform peristalsis or resorb fluids ([@b5-etm-0-0-8946],[@b6-etm-0-0-8946]). In early fibrotic UC cases, fibrosis affects the muscularis mucosae and submucosa, while the muscularis propria is not affected. In advanced fibrotic UC cases, fibrosis extends to affect the muscle layers and the myenteric plexus ([@b7-etm-0-0-8946]).

The establishment of an animal model is required for efficient study of etiology, diagnosis, treatment and novel drug discovery in UC. Previous studies have induced UC in animals by a variety of methods including acetic acid, carrageenan, dextran sodium sulfate (DSS) and dinitrochlorobenzene ([@b8-etm-0-0-8946],[@b9-etm-0-0-8946]). In particular, the DSS-induced murine model has been widely used in UC-related experimental investigations ([@b10-etm-0-0-8946],[@b11-etm-0-0-8946]). In these previous studies, the pathological alterations were characterized as epithelial erosion and ulceration, submucosal edema and infiltration of neutrophils into the lamina propria and submucosa, which is similar to what occurs in human UC ([@b12-etm-0-0-8946]). While the histological and ultrastructural features in the DSS-induced UC model remain to be elucidated, improving the understanding of pathological characteristics of the model is likely to offer further insight into UC research ([@b13-etm-0-0-8946]). Histological and ultrastructural investigations were performed in a DSS-induced colitis murine model in the present study. Changes in the microstructure of the colon tissue in response to early stages of experimental colitis were also assessed.

Materials and methods
=====================

### Mice

A total of 30 specific pathogen-free female C57BL/10J wild type mice (age, 10-12 weeks; weight, 25-35 g) were obtained from the Model Animal Research Center of Nanjing University. The mice were kept at the animal housing facilities (24±1˚C; 12-h light/dark cycle; 55% humidity and ad libitum access to food and water) at Tongji University. All experimental procedures were performed according to international guidelines for the care and use of laboratory animals ([@b14-etm-0-0-8946]) and approved by the Animal Ethics Committee of Tongji University School of Medicine, Shanghai, China (approval no. TJLAC-014-015).

### Experimental colitis

The mice were randomly divided into two groups: One healthy control group and one experimental UC group (n=15 mice in each group). DSS (36-50 kDa; cat. no. 160110; MP Biomedicals) was added to tap water at a concentration of 4%. Mice in the experimental UC group were exposed to DSS for 7 days ([@b15-etm-0-0-8946]). Healthy control animals drank tap water alone. The fresh stools of each mouse were collected each day for a total of 7 days. Stool scores varied from 0 (normal) to 3 (diarrhea) points based on stool properties such as shape, moisture, and viscosity ([@b15-etm-0-0-8946]).

### Colitis score

Colonic damage was assessed according to the macroscopic score (MS). According to Li *et al* ([@b15-etm-0-0-8946]) and Kimball *et al* ([@b16-etm-0-0-8946]), the MS encompassed: i) Weight loss score; ii) colon length shortening score; and iii) the occult blood score. Each scoring system had four points in total. Thus, the MS was the sum of the three scores (0 points, most healthy; 12 points, least healthy).

### Specimen preparation

Mice were sacrificed by cervical dislocation on the seventh day of colitis induction. The intestines were excised and carefully rinsed with saline. A 30-mm section of colon, which was considered to begin at a point 10 mm away from the caecum, was cut out and weighed. The colon was then dissected into two portions, with 10 mm (sample 1) allotted for histological analysis and 5 mm (sample 2) allotted for transmission electron microscopy (TEM). Sample 1 was fixed in 4% paraformaldehyde (Sigma-Aldrich; Merck KGaA) in 4˚C for 24 h, while sample 2 was fixed in 2.5% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M Na-Cacodylate buffer (pH 7.4; all from Sigma-Aldrich; Merck KGaA) in 4˚C for 24 h. In total, 15 control and 15 UC tissue samples were collected to undergo histological analysis and TEM evaluation.

### Histology

For histological investigation, sample 1 was washed with PBS and dissected into two portions. One of the portions was embedded in paraffin and sectioned at 5-µm thickness on a Leica RM2126 microtome (Leica Biosystems). The sections were first deparaffinized and then stained with hematoxylin and eosin (H&E; Abcam) to assess the degree of inflammation according to the instructions from the manufacturer. Sections were stained with Masson\'s trichrome (Sigma-Aldrich; Merck KGaA) and Verhoeff\'s elastic staining (Abcam) to visualize the connective tissue according to the manufacturer\'s instruction. The other portion was embedded in optimal cutting temperature compound (Leica Biosystems) and sectioned at 10-µm thickness on a Leica CM1860 microtome (Leica Biosystems). The sections were first washed with PBS and permeabilized in 0.025% Triton X-100 and 1% BSA in TBS buffer for 20 min at room temperature. Then the sections were incubated overnight at 4˚C with anti-α smooth muscle actin antibody (1:100; Abcam; cat. no. ab5694) in TBS buffer with 1% BSA, followed by labeling with Alexa 488-conjugated goat anti-rabbit IgG H&L (1:300; Abcam; cat. no. ab150077) in TBS buffer with 1% BSA at room temperature for 1 h. The sections were washed with PBS before using the mounting medium with DAPI (Abcam; cat. no. ab104139) in the dark. Tissue pathophysiology was characterized by the presence of ulcerations, inflammatory cells (such as neutrophils, macrophages, lymphocytes and plasma cells), signs of edema, crypt loss, surface epithelial cell hyperplasia, goblet cell reduction and signs of epithelial regeneration. The histopathological score (HS) was used as a method for evaluating the degree of UC lesions. The HS evaluation included: i) Crypt architecture damage score (0-2 points); ii) edema in submucosa score (0-3 points); and iii) inflammatory cell infiltration score (0-3 points). HS was the sum of the three scores (0 points, most healthy; 8 points, least healthy), based on previously published reports by Li *et al* ([@b15-etm-0-0-8946]) and Engel *et al* ([@b17-etm-0-0-8946]).

### TEM

For TEM experiments, sample 2 was first washed with PBS, then fixed in 1% osmic acid in room temperature for 2 h, dehydrated by acetone and embedded in Spurr Embedding medium in 60˚C for 48 h (Sangerbio). Subsequently, 70-nm sections were cut, stained with uranyl acetate for 20 min and lead citrate for 5 min in room temperature, and examined using JEOL-1010 transmission electron microscope (original magnification, x20,000; JEOL, Ltd.).

### Statistical analysis

Experimental data are presented as the mean ± SD. Shapiro-Wilk and Kolmogorov-Smirnov tests were used to determine data normality. Comparisons of the quantitative values between the control and UC groups were performed using Student\'s t-test. Mann-Whitney U test was used to analyze the ordinal data. P\<0.05 was considered to indicate a statistically significant difference. Statistical analyses were performed using SPSS 21.0 statistical software (IBM Corp.).

Results
=======

### Mouse UC model

During DSS feeding days, clinical symptoms of UC mice, such as loss of body weight, loose feces/watery diarrhea and fecal blood were noted. Macroscopically, the body weight loss of mice with UC was observed from day 2, and on day 7, the body weight loss score of UC mice was significantly higher compared with control mice ([Fig. 1A](#f1-etm-0-0-8946){ref-type="fig"}). On day 3, several mice in the UC group began to experience diarrhea, followed by hematochezia. All UC mice had diarrhea and hematochezia on day 6. The length of the colon was measured at necropsy. As shown in [Fig. 1B](#f1-etm-0-0-8946){ref-type="fig"}, the colon length shortening scores of UC mice were significantly higher compared with healthy mice. The occult blood scores of UC mice were significantly higher compared with healthy controls ([Fig. 1C](#f1-etm-0-0-8946){ref-type="fig"}). The total MS of mice in the UC group was 9.3±0.3 points, while the control group total MS was 0 points ([Fig. 1D](#f1-etm-0-0-8946){ref-type="fig"}). Thus, acute UC was successfully induced in C57BL/10J mice by oral administration of 4% DSS for 7 days.

### Histology

H&E staining. H&E staining revealed structural changes of colon tissues of mice in control and UC groups ([Fig. 2A-D](#f2-etm-0-0-8946){ref-type="fig"}). A series of pathological changes occurred in the UC group ([Fig. 2B](#f2-etm-0-0-8946){ref-type="fig"} and [D](#f2-etm-0-0-8946){ref-type="fig"}) compared with the control group ([Fig. 2A](#f2-etm-0-0-8946){ref-type="fig"} and [C](#f2-etm-0-0-8946){ref-type="fig"}). In the mucosa, the goblet cell architecture of the colon tissue was damaged (as indicated by the stars in [Fig. 2D](#f2-etm-0-0-8946){ref-type="fig"}). A number of inflammatory cells infiltrated into the stroma and the structure of the gland was destroyed ([Fig. 2D](#f2-etm-0-0-8946){ref-type="fig"}). In the submucosa, the tissue presented with significant edema, which was mainly due to inflammatory cell infiltration (indicated by the arrows in [Fig. 2D](#f2-etm-0-0-8946){ref-type="fig"}). In the muscularis propria, the smooth muscle cell structure was altered; the nuclei became rounder and the boundaries of the cells became indistinct. However, inflammatory cells were not found in this layer ([Fig. 2D](#f2-etm-0-0-8946){ref-type="fig"}). The thickness of the muscularis propria of UC cells was significantly reduced compared with the control group ([Fig. 2E](#f2-etm-0-0-8946){ref-type="fig"}), however, the whole thickness of the colon wall of UC mice significantly increased compared with the control group due to edema of the submucosa ([Fig. 2F](#f2-etm-0-0-8946){ref-type="fig"}). There was no visible difference between the control and UC groups in the serosa. As shown in [Fig. 2G](#f2-etm-0-0-8946){ref-type="fig"}, the HS for the UC group was 6.2±0.2 points, while the HS of the control group was 0 points. This result indicated that the lesion of colon in DSS-induced UC mice was significant.

### Masson\'s trichrome staining and Verhoeff\'s elastic staining

Masson\'s trichrome staining and Verhoeff\'s elastic staining showed changes in the microscopic structure of the mouse colon wall. Masson\'s staining dyed the collagen fibers blue, the muscle cells red and the nuclei dark blue. The elastic staining dyed the elastic fibers black, the collagen fibers red, the muscle cells yellow and the nuclei blue to black.

Compared with the control group ([Fig. 3A](#f3-etm-0-0-8946){ref-type="fig"}), a number of pathological changes occurred in the microstructure of the UC group ([Fig. 3B](#f3-etm-0-0-8946){ref-type="fig"}) as revealed by Masson\'s trichrome staining. In the submucosa, the collagen fibers were scarce in the UC group but tightly packed into bundles in the control group. Collagen fibers in the UC submucosa evidently presented with hyperplasia and the fiber alignment was more disordered compared with control. In the muscularis propria, collagen fibers in the control group surrounded the smooth muscle cells regularly. However, numerous collagen fibers in the UC muscular layer were disrupted and fiber bundles became thinner compared with the control group ([Fig. 3A](#f3-etm-0-0-8946){ref-type="fig"} and [B](#f3-etm-0-0-8946){ref-type="fig"}).

According to the results of elastic staining, the most notable difference between the control group ([Fig. 3C](#f3-etm-0-0-8946){ref-type="fig"}) and the UC group ([Fig. 3D](#f3-etm-0-0-8946){ref-type="fig"}) was the completeness and continuity of elastic fibers. In the muscularis propria, elastic fibers are produced by smooth muscle cells ([@b18-etm-0-0-8946]). In the submucosa, the collagen fibers of the UC group were proliferated and disordered (indicated by red arrows; [Fig. 3D](#f3-etm-0-0-8946){ref-type="fig"}). In muscularis propria, the elastic fibers were continuous and arranged between the smooth muscle cells equally (indicated by black arrows; [Fig. 3C](#f3-etm-0-0-8946){ref-type="fig"}) in the control group. However, in the UC group, the elastic fibers were rare, and the arrangement was irregular ([Fig. 3D](#f3-etm-0-0-8946){ref-type="fig"}).

### Immunohistochemistry staining

Staining with α smooth muscle actin antibody specifically stains the smooth muscle cells. There are two muscle layers in the mouse colon wall: Muscularis mucosa and muscularis propria. The latter muscle cells are divided in two groups: Longitudinal muscle and circular muscle ([@b19-etm-0-0-8946]). In the control group ([Fig. 3E](#f3-etm-0-0-8946){ref-type="fig"}), the smooth muscle cells in the muscularis mucosa and muscularis propria exhibited normal morphology. The cells were long and spindle-shaped, the size was uniform, the cell membrane was clear, the cell edge was distinct and the cell nucleus was spindle-shaped ([Fig. 3E](#f3-etm-0-0-8946){ref-type="fig"}). By contrast, smooth muscle cells in the UC group were rounder and shorter and the membranes were not as distinct as those in the control group. Additionally, the muscularis mucosa was thicker, but the muscularis propria was thinner and the nuclei were smaller compared with the control group ([Fig. 3F](#f3-etm-0-0-8946){ref-type="fig"}).

### Ultrastructure

TEM was performed to observe the colon wall ultrastructure. In the control group ([Fig. 4A](#f4-etm-0-0-8946){ref-type="fig"}), the smooth muscle cells were long, spindle-shaped and surrounded by collagen fibers (indicated by the black arrows; [Fig. 4A](#f4-etm-0-0-8946){ref-type="fig"}). However, in the UC group ([Fig. 4B](#f4-etm-0-0-8946){ref-type="fig"}), the cell shape was abnormal, and the cells appeared shorter and rounder. Additionally, the arrangement of the cells was irregular, and the collagen fibers (indicated by the black arrows; [Fig. 4B](#f4-etm-0-0-8946){ref-type="fig"}) were rare. Collagen fibers surrounding the smooth muscle cells were tied into a compact bundle in the control group (indicated by the star; [Fig. 4C](#f4-etm-0-0-8946){ref-type="fig"}), but in the UC group, the collagen fibers were looser, and the arrangement was irregular (indicated by the star; [Fig. 4D](#f4-etm-0-0-8946){ref-type="fig"}). Changes in the smooth muscle cells were also observed. In the control group ([Fig. 4E](#f4-etm-0-0-8946){ref-type="fig"}), the nuclear envelope of smooth muscle cells was complete (indicated by black arrows; [Fig. 4E](#f4-etm-0-0-8946){ref-type="fig"}) and the nucleus was long and spindle-shaped with a small but clear nucleolus (indicated by the triangle; [Fig. 4E](#f4-etm-0-0-8946){ref-type="fig"}). Conversely, in the UC group ([Fig. 4F](#f4-etm-0-0-8946){ref-type="fig"}), the smooth muscle cell was edematous, the nuclear envelope was unclear, and the shape of the nucleus was irregular and edematous.

Discussion
==========

DSS is regarded as the most effective way to generate a UC mouse model ([@b13-etm-0-0-8946]). The DSS-induced colitis model has certain advantages relative to other animal models of colitis. An acute, chronic or relapsing model can be easily produced by altering the concentration of DSS administered ([@b20-etm-0-0-8946]). Among these protocols, oral administration of DSS is regarded as a simple, economical and effective method in mice. The proposed and most accepted mechanism by which DSS induces intestinal inﬂammation is associated with the disruption of the intestinal epithelial monolayer lining, leading to the entry of luminal bacteria and associated antigens into the mucosa and allowing the dissemination of proinflammatory intestinal contents into underlying tissue ([@b21-etm-0-0-8946]). Histological investigation was performed on a mouse model in the present study to elucidate changes in the microstructure of colon tissue in response to DSS-induced early-stage UC.

One way to diagnose and monitor inflammatory bowel disease (IBD) in the clinical setting, which mainly includes UC and CD, is by recording the clinical symptoms of the patient. Symptoms often related to UC include rectal bleeding or bloody diarrhea ([@b22-etm-0-0-8946]). The manifestations observed in DSS-induced mice used in the current study include weight loss, diarrhea, occult blood in stools and anemia, which were similar to those previously reported in the human UC case ([@b23-etm-0-0-8946]).

Histological features typical of IBD compared with other mucosal inflammations are epithelial distortions, such as crypt branching and shortening and decreased crypt density, and severe infiltration of inflammatory cells to the intestinal wall ([@b20-etm-0-0-8946],[@b24-etm-0-0-8946]). Furthermore, a reduction in goblet cell numbers is typical for UC, but not for CD ([@b25-etm-0-0-8946],[@b26-etm-0-0-8946]). Another typical histological feature found in patients with IBD is the severe infiltration of mononuclear cells and plasma cells into the basal lamina propria of the inflamed intestinal wall ([@b25-etm-0-0-8946],[@b26-etm-0-0-8946]). The present study found irregular epithelial formation with crypt distortion and goblet cell depletion (data not shown), similar to changes found in patients with UC ([@b27-etm-0-0-8946],[@b28-etm-0-0-8946]). In addition, a high number of inflammatory cells infiltrated into the stroma and the structure of the gland was destroyed. The tissue in the submucosa showed significant edema due to inflammatory cell infiltration.

Fibrosis in UC is characterized by increased deposits of collagen in the submucosa and lamina propria ([@b29-etm-0-0-8946]). In the animal model used in the present study, an extensive deposition of collagen was detected in the mucosa and submucosa of acutely inflamed colons, resembling fibrosis in UC. In the current study, it was observed that the collagen fibers proliferated into the submucosa without a regulatory arrangement at the early stage of UC. They were loose, forming a disorganized fiber net instead of a fiber bundle. In the muscularis propria, the fibers, including both collagen and elastic fibers, were reduced and fractured. The above changes lead to insufficient intestinal motility.

In human UC, ultrastructure alterations of the epithelium have been observed, including microvilli depletion, shattering of the epithelial junctions, cytoplasmic vacuolization, dilatation of the endoplasmic reticulum, pyknotic nuclei and altered structuring of the mitochondria and Golgi complexes ([@b30-etm-0-0-8946],[@b31-etm-0-0-8946]). However, to the best of our knowledge, the ultrastructure of the muscularis propria has not been fully elucidated. The results of the present study found an irregular arrangement of the smooth muscle cells in the muscularis propria of the DSS-induced mouse model. These cells were rounder and shorter, and surrounded by looser and more irregular collagen fibers. Severe alterations of the cell membrane and nucleus were also observed. The changes observed among smooth muscle cells and collagen fibers indicated that the colon wall in UC was less resistant to external forces, as previously reported by the authors of the current study ([@b32-etm-0-0-8946]). Changes in the morphology of these cells may indicate epithelial cell injury.

Chemical reagents used for inducing colitis in animal models mainly include 2,4,6-trinitrobenzene sulfonic acid (TNBS), DSS and oxazolone ([@b13-etm-0-0-8946],[@b33-etm-0-0-8946],[@b34-etm-0-0-8946]). Both TNBS and oxazolone-mediated colitis are induced by intrarectal administration of the reagents and the pathogenesis primarily involves a T cell-mediated response against autologous proteins or luminal antigens ([@b10-etm-0-0-8946]). However, in the DSS-induced colitis model, mice are treated with water supplemented with DSS for several days ([@b10-etm-0-0-8946],[@b20-etm-0-0-8946],[@b24-etm-0-0-8946]). DSS seems to play a directly toxic role in colonic epithelial cells of the basal crypts, and several immunological responses also play a role in the pathogenesis of UC ([@b33-etm-0-0-8946]). TNBS-induced colitis is thought to be a T helper (Th) cell-mediated disease, while Th2-relevant cytokine levels are increased in DSS- and oxazolone-induced colitis ([@b33-etm-0-0-8946]). Although the exact mechanisms differ, these three colitis-inducing chemical reagents in murine models share a number of similarities in terms of histology alterations ([@b35-etm-0-0-8946],[@b36-etm-0-0-8946]). The infiltration of neutrophils and macrophages is observed as early as on the first day after chemical stimulation, and the infiltration is increased over time ([@b10-etm-0-0-8946]). By day 3, ulcerations, goblet cell depletion and fibrosis are present in the colon ([@b33-etm-0-0-8946],[@b34-etm-0-0-8946]). Farkas *et al* ([@b37-etm-0-0-8946]) observed leucocyte rolling, sticking and extravasation under an electron microscope. The present work further extended the understanding of ultrastructure alterations in DSS-induced colitis. The ultrastructure alterations found in the current DSS-induced model might also be found in other reagent-induced colitis models, since the three chemical-induced colitis murine models share similar pathological injuries under light microscopy ([@b35-etm-0-0-8946]). It is worth further investigating the ultrastructure of other reagent-induced colitis models in order for the characteristics of the three models to be compared. Additionally, colitis research can be improved through choosing more suitable colitis models, such as congenital and adaptive cell transferred models ([@b38-etm-0-0-8946]).

In conclusion, UC was successfully induced with 7 consecutive days of DSS oral administration in mice. The ultrastructure changes of DSS-induced UC colon were examined. Experimental DSS-induced colitis in mice shared most features with human UC. These features may contribute to improved understanding of the pathogenesis and mechanism of UC.
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![Macroscopic score of dextran sulfate sodium-induced colitis in C57BL/10J mice (A) Weight loss score. (B) Colon length shortening score. (C) Occult blood score. (D) Macroscopic score of mice colons. Data are presented as the mean ± SD. UC, ulcerative colitis.](etm-20-03-1987-g00){#f1-etm-0-0-8946}

![Hematoxylin and eosin staining of colon tissues. Images of (A) control and (B) UC tissues at x40 magnification. Scale bar, 500 µm. Images of (C) control and (D) UC tissues at x400 magnification. Scale bar, 50 µm. Goblet cells are indicated by stars. The black arrows indicate the inflammatory cells infiltrating into submucosa. Thickness of the (E) muscularis propria and (F) submucosa in control and UC mice. (G) Histopathological score of control and UC mice. UC, ulcerative colitis; MU, mucosa; SM, submucosa; MP, muscularis propria; SE, serosa.](etm-20-03-1987-g01){#f2-etm-0-0-8946}

![Representative histological images of colon walls. Masson staining images of (A) control and (B) UC mice. Elastic staining images of (C) control and (D) UC mice. Collagen fibers in submucosa are indicated by the red arrows. Elastic fibers in the muscularis propria are indicated by the black arrows. Smooth muscle actin staining images of (E) control and (F) UC mice. Magnification, x400. Scale bar, 50 µm. UC, ulcerative colitis; MU, mucosa; SM, submucosa; MP, muscularis propria; SE, serosa.](etm-20-03-1987-g02){#f3-etm-0-0-8946}

![Representative transmission electron microscopy images of colon walls. Images of (A) control and (B) UC group colon samples at x5,000 magnification. Smooth muscle cells are indicated by the arrows. The smooth muscle cells were long spindle-shaped and surrounded by the collagen fibers in the control group, while they were shorter and rounder in the UC group. Scale bar, 5 µm. Images of (C) control and (D) UC group samples at x20,000 magnification. Collagen fibers are indicated by the stars. The arrangement of each collagen fibers bundled along with the smooth muscle\'s axle in the control group, while the collagen fibers were much looser in the UC group. Scale bar, 1 µm. Images of (E) control and (F) UC samples at x20,000 magnification. The nuclear envelope of smooth muscle cell was complete in the control group, and the nucleus was long and spindle-shaped with a small but clear nucleolus. However, in the UC group, the smooth muscle cell was edematous, the nuclear envelope was unclear, and the shape of the nucleus was irregular and edematous. Scale bar, 1 µm. UC, ulcerative colitis.](etm-20-03-1987-g03){#f4-etm-0-0-8946}
